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Abstract 
Due to the continuous thermal water abstractions of the last 50 years, in some sub-regions of the western part of the Pannonian 
Basin groundwater heads significantly decreased. New aquifer layers started to contribute to thermal wells, which in some cases 
leads to changes in the hydrogeochemical composition. Mixtures of different chemical types of thermal water are the results of 
these changes. To characterize the changing process, study of the hydrogeochemical composition of thermal waters was 
performed, and end-members of the mixing processes were identified. Finally, hydrogeochemical models were developed 
applying PHREEQC to simulate the processes and follow the ongoing changes. 
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1. Introduction 
The study area is situated in the Alpokalja region of Hungary, where several famous spas are found, such as 
Sárvár and Bük in Hungary, or Lutzmannsburg on the Austrian side of the national border. The balneological 
utilization started at the beginning of the 1960s and nowadays more than 20 active wells can be found in the region. 
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Besides the current thermal utilization, hydrocarbon investigation was carried out in the area. Although the explored 
gas most often contains CO2 [6], the intensive research, including deep drillings and different-type geophysical 
measurements, resulted in important new geological and geothermal knowledge [5]. Furthermore, some of the 
hydrocarbon exploration wells have been transformed into geothermal wells. 
The amount of the extracted thermal water has gradually increased for the last 50 years. The continuous 
withdrawals caused a decrease of groundwater heads in the vicinity of the concentrated utilization sites (Sárvár, Bük, 
Kapuvár, Szombathely, etc.). These local effects are not followed by a regional decrease of the groundwater head, 
but, in some locations, led to changes in the chemical composition of the thermal water. Also, new thermal water 
aquifers started to contribute to the withdrawals. The newly activated aquifers enable mixing of different chemical 
types of thermal water. To characterise the change, time series of the selected chemical components were created. In 
addition, studying the hydrogeochemical composition of thermal waters, potential end-members of the changing 
process were searched. Classical hydrogeochemical graphical methods were combined with cluster analysis in the 
course of the investigation. Hydrogeochemical models were developed applying PHREEQC software in order to 
identify the potential mixing end-members, simulate the processes, and follow the ongoing changes. 
 
 
Location of the Pannonian Basin (white 
area), Hungary (green border) and the 
study area (red patch) 


Fig. 1. Location of the study area 
2. Geothermal reservoirs 
Located in the western margin of the Pannonian Basin, the pre-Cenozoic basement is built up by different 
metamorphic formations of Penninic and Austroalpine nappe system units [4]. Due to the Alpine orogeny, these 
geological units show complicated structures of nappes and thrust sheets, separated by strike slip structures and 
normal fault systems [7, 8]. The surface of the pre-Cenozoic basement is variable. NE-SW oriented basement highs 
alter with deep trenches (Fig. 1) dividing the Neogene basin into several sub-basins. Although the Paleozoic and 
Mesozoic metamorphic crystalline basement has a low porosity, the upper weathered zone can be considered as a 
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potential geothermal reservoir, which can join separate covering thermal aquifer layers. The tectonic structures may 
also play an important role in the connectivity. The non-metamorphic Bük Dolomite Formation, belonging to the 
Upper Austroalpine Nappes (counterpart of the Graz Paleozoic), is the most important reservoir of the basement with 
fractured aquifer character. 
The basement rocks are covered by thick Neogene sediment series. The Lower and Middle Miocene formations 
were mostly deposited in marine environments. The intensive tectonic movements resulted in different heteropic 
sedimentary facies. Therefore, the aquitard clay layers, deposited in a deep marine environment, alternate with 
coastal sandstones and shallow-marine clastic carbonates. These thermal aquifers are usually separated and often 
enclosed in the clay bodies. They have a greater geothermal reservoir potential when they are situated directly on the 
crystalline basement. 
During the post-rift thermal subsidence of the Pannonian Basin in the Late Miocene, a single large depression 
developed which was occupied by the brackish to freshwater Lake Pannon and was filled up by sediments deriving 
from the surrounding Alpine-Carpathian mountain belt via large fluvio-deltaic systems prograding from the 
northwest and northeast [1,3]. This resulted in accumulation of up to a 4000 m thick sedimentary succession. This 
vast porous basin fill complex is one of the main reservoirs of thermal groundwater. Within this several thousand 
meters thick sedimentary succession, Lower Pannonian layers (Upper Miocene delta-slope deposits) mainly consist 
of clay, or sandy clay, therefore they act as regional aquicludes. The Upper Pannonian sedimentary succession 
(Upper Miocene delta-front and delta-plain deposits) is built up of alternating sand and sandy clay layers. Although 
the permeability of the clayey-marly layers is 1-2 magnitude lower than that of the sands, it is still enough to provide 
hydraulic connection between the sand layers, thus making the entire sedimentary succession one hydrostratigraphic 
unit. Within this thick Upper Pannonian sedimentary complex the best reservoirs are those large sand bodies which 
once deposited at the front of the prograding delta-systems. 
3. Groundwater flow system 
The main recharge area is represented by the high mountainous region located mostly in the neighbouring 
Austria. Water infiltrates through the upper weathered zones of the surface, comprising crystalline formations, and 
through this zone as well as the main fractures water flows towards the basement of the basin. The outcropping 
Miocene and Pannonian layers may provide direct recharge possibilities along the gradually deepening layers. 
The groundwater flow direction is known from earlier regional groundwater models, especially the supra-regional 
model of the transboundary TRANSENERGY project [9]. The regional groundwater table is parallel to the land 
surface, and the groundwater in the shallow layers moves forward to less elevated areas. In the deeper layers of the 
Pannonian sediments the groundwater flow direction is from west to east at the beginning, and then gradually the 
northeast flow direction becomes significant. In the relatively deeply penetrating regional flow system, an upper and 
a lower domain can be distinguished, separated by the regional aquiclude of Upper Miocene clay layers. 
Hydrogeochemical differences confirm the separation of these two hydraulic units. They are spatially separated but 
not entirely isolated. Restricted connection may take place through the imperfect pressure seal allowing fluids to get 
from the lower to the upper aquifer system mostly along neo-tectonic faults, as it happens also in other parts of the 
Pannonian Basin [2]. The upper unit consists of the porous layers of the Upper Miocene delta front and delta plain 
sediments. In this unit, a more or less intensive groundwater flow occurs and the groundwater mostly has a meteoric 
origin. The lower unit is built up from the metamorphic basement rocks and the porous or double porous layers of 
Lower and Middle Miocene formations. Here, the thermal water is mostly of non-meteoric origin. Only the marginal 
zones of the sedimentary basin are characterized with intensive groundwater movements. High TDS values indicate 
slow groundwater movements inside the basin, and locally even stagnant waters may be developed. 
The main natural groundwater discharge areas are the rivers and alluvial valleys, as well as regions with a high 
groundwater table, and wetlands. In natural conditions, several wetlands, especially Hanság, had an important role in 
groundwater discharge. Recently there are only small patches of wetlands, but the dense artificial drainage channel 
network has to be taken into consideration in the groundwater discharge. 
Groundwater abstractions for drinking water supply and thermal water utilization represent the artificial 
discharge, and they have a growing effect on the status of the hydraulic system. 
 Ágnes Rotár Szalkai and Lajos Ó.Kovács /  Energy Procedia  97 ( 2016 )  226 – 232 229
4. Induced mixing of thermal water 
Exploitation of the thermal water began in the early 1960s. The amount of the extracted thermal water has 
gradually increased because of the growing number of thermal wells. Thermal water abstraction in some sub-regions 
caused a significant decrease of 1-6 m in groundwater heads, but exceeds 20 m at the production sites [9]. 
Due to the intensive withdrawal, new originally separated aquifer layers started to contribute to the thermal water 
production. In some cases these newly connected layers are characterised with different hydrogeochemical features. 
This process results in mixed chemical compositions of thermal water. Depending on the hydrogeological and 
hydrogeochemical situation, dilution and salt water intrusion may occur as well. Due to the newly contacting higher 
located aquifer layers, dilution occurs in the Kapuvár region, while the Bük region is characterized with salt water 
intrusion from deeper thermal water reservoirs. As time goes on, the relative amounts of thermal waters derived from 
the different aquifers change, resulting in the modification of the chemical compositions of the mixed waters, as 
illustrated in Figs. 2 and 3. 
 
Fig. 2. Changes in the concentrations of different chemical parameters in thermal well Bük K4 (for location see Fig. 1) 
5. Identification of mixing end-members 
To understand the mixing process and forecast the probable chemical composition, identification of mixing end-
members is required. For this purpose, the hydrogeochemical conditions of the study area were reviewed and the 
existing thermal water types were revealed. 
Data of earlier chemical analyses from thermal wells and water samples of hydrocarbon exploration boreholes 
were used for the investigation (Fig. 1). Although the two thermal wells of Lutzmannsburg Spa situated directly on 
the Hungarian–Austrian border are located outside the study area, they were also included into the overview because 
of their key position in the groundwater flow system. The detailed hydrogeochemical evaluation was based on 
identification of the different thermal water types. Hydrogeochemical facies were defined using correlation diagrams 
of the main chemical parameters, isotope data and the Cl/Br ratio. It was concluded that different hydrogeochemical 
processes resulted in different chemical types of thermal waters. Two basic thermal water types were separated. The 
thermal water of the Upper Pannonian layers (representing the delta front and delta plain sedimentary environment 
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of Lake Pannon) significantly differs from the thermal waters of the older hydro-stratigraphical units (other Miocene 
aquifers and crystalline basement formations). This hydrogeochemical difference corresponds to the groundwater 
flow system. 
 
Fig. 3. Change of the hydrogeochemical character of thermal water in well Kapuvár K-61 (for location see Fig. 1) 
Despite these differences there are several similarities and overlapping features related to different hydro-
stratigraphic units. Therefore, cluster analysis was carried out in addition to the ordinarily applied hydrogeochemical 
investigation methods to identify the potential end-members of mixing induced by groundwater abstraction. Analysis 
was carried out independently for both main hydrogeochemical groups. Several versions were examined, with taking 
the stand-alone types into consideration, and without. Different versions of the cluster analysis resulted in very 
similar outcomes, only the number of identified clusters differed a little. The identified clusters were validated by 
applying graphical methods such as Piper-, Stiff- and box-whiskers diagrams. The identified clusters represent 
different chemical types of thermal waters corresponding to different statuses of natural ongoing geochemical 
processes. 
Analysing the spatial distribution of the different types of thermal water and the identified clusters, 
hydrogeochemical cross-sections were created (not shown here, for traces see Fig. 1), that displayed the 
concentration of six main chemical parameters (Na+, Ca2+, Mg2+, Cl-, HCO3-, SO42-). Based on their evaluation, a 
conceptual geochemical model was created, that presents the identified clusters in an idealized cross-section (Fig. 4). 
6. Hydrogeochemical modelling 
The first step of modelling was to create a conceptual model based on the detailed hydrogeochemical evaluation 
described above. It covers the ongoing hydrogeochemical processes and the specified potential end-members of 
induced mixing in the thermal waters of the investigated area. The conceptual model is illustrated by an idealized 
hydrogeochemical cross-section where the representative geochemical compositions of the two main separated 
hydrogeochemical units are marked with different code types (The codes: 1, 2, 3, 4 related to the upper 
hydrogeochemical unit and the codes: A, B, C, D, E related to the lower hydrogeochemical unit in Fig. 4). 
Thermal waters of the upper system vary from Ca-HCO3 to Na-HCO3 character with different intermediate 
statuses. The main hydrogeochemical process is ion exchange until the depth of 400 m, while in greater depths 
silicate hydrolysis is significant. The lower system contains thermal waters of different origin, all predominantly Na-
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Cl type but with different ratios of HCO3- and SO42-. The spatial positions of local anomalies of the SO42- 
concentrations show no trends. They are supposed to originate from the dissolution of small, local deposits of 
evaporites. 
Due to the vicinity of the recharge area, thermal waters in the marginal zone of the sedimentary basin are 
characterized by lower TDS values and higher Ca2+ ratios, while in the thermal waters inside the basin high TDS 
values (in some places it exceeds 40000 mg/l) are significant in both systems. The spatial distribution of the 
specified representative chemical compositions characterizing the different types of thermal water is displayed in  
Fig. 4. 
 
Fig. 4. Hydrogeochemical conceptual model 
1: Na-Ca-(Mg)-HCO3 type water with TDS<5000 mg/l; 2: Na-Ca-HCO3-Cl type water with 5000 mg/l < TDS < 10000 mg/l; 
3: Na-Ca-HCO3-Cl type water with 10000 mg/l  < TDS < 20000 mg/l; 4: Na-Ca-HCO3-Cl type water with TDS > 20000 mg/l 
A: Na-Ca-Cl-HCO3 type water with TDS <20000 mg/l; B: Na-HCO3-Cl type water with 20000 mg/l < TDS <50000 mg/l; 
C: Na-Cl-HCO3 type water with 20000mg/l  < TDS < 50000 mg/l; D: Na-Cl-(HCO3) type water with 20000 mg/l <TDS < 50000 mg/l; 
E: Na-Cl type water with TDS < 50000 mg/l 
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The second step of modelling was the determination of the mixing ratio of the potential end-members. For this 
purpose, an indicator parameter — present in both end-members and taking part neither in dissolution or 
precipitation, nor in a chemical reaction — had to be chosen. Due to its conservative behaviour, chloride was applied 
as indicator. 
Hydrogeochemical model calculation was performed applying PREEQC software, developed by David L. 
Parkhurst and C.A.J. Apello to simulate chemical reactions and transport processes in different aquatic 
environments. PREEQC calculates the changes of concentration caused by precipitation, dissolution or a chemical 
reaction in the course of mixing. The first results of the simulations present good approximations of the measured 
values but further clarifications are required to specify the proper underground circumstances such as temperature, 
pressure or the effect of CO2 gas on the mixing process. 
7. Conclusion 
Overexploitation of thermal water is a great problem in many regions. In the case of balneologic utilization there 
are limited possibilities for reinjection therefore, long-term permanent abstraction results in changing the pressure 
conditions and the chemical composition as well. The same processes were observed in the western part of the 
Pannonian Basin, where due to the intensive thermal water utilization new layers connected to thermal water supply 
and caused induced mixing of the originally separated and different hydrogeochemical types of waters. The mixing 
process can be followed up, and predicted for the future, by applying the PREEQC model. However, simulations 
require development of a conceptual model based on detailed hydrogeochemical evaluation as it was performed in 
the investigated area. 
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